Abstract We have developed a new procedure for Agrobacterium-mediated transformation of plants in the genus Beta using shoot-base as the material for Agrobacterium infection. The frequency of regeneration from shoot bases was analyzed in seven accessions of sugarbeet (Beta vulgaris) and two accessions of B. maritima to select materials suitable for obtaining transformed plants. The frequency of transformation of the chosen accessions using Agrobacterium strain LBA4404 and selection on 150-mg/l kanamycin was found to be higher than that in previously published methods. Genomic DNA analysis and b-glucuronidase reporter assays showed that the transgene was inherited and expressed in subsequent generations. In our method, shoot bases are prepared by a simple procedure, and transformation does not involve the callus phase, thus minimizing the occurrence of somaclonal variations.
Introduction
Sugarbeet (Beta vulgaris L.) is a commercially important crop that produces sucrose in temperate climates and provides almost 30% of the world's sugar. The production of new sugarbeet varieties by conventional breeding is limited because sugarbeet is a highly heterozygous, naturally cross-pollinating biennial species. Despite its importance, genetic engineering of this plant by DNA transformation methods has been limited, mainly due to technical difficulties in obtaining regenerated plants from cells competent for transformation. Early attempts to transform sugarbeet using Agrobacterium met with only limited success. Hamill et al. (1987) obtained hairy root cultures by inoculation with Agrobacterium rhizogenes. Harpster et al. (1988) and Krens et al. (1988) obtained transformed calli using Agrobacterium tumefaciens-mediated transformation; however, they did not produce regenerated transformants. Lindsey and Gallois (1990) first reported the production of transformed sugarbeet plants via A. tumefaciens infection and regeneration from shoot bases, which enable relatively rapid and frequent regeneration as compared with petioles or leaf tissue. Konwar (1994) also showed that shoot bases can be infected with A. tumefaciens to produce transgenic plants. Using the method of Konwar (1994) , Mannerlof et al. (1997) generated glyphosate-tolerant sugarbeets. D 'Halluin et al. (1992) produced transgenic sugarbeets via callus regeneration using tobacco suspension cells as a nutrient layer.
Sugarbeets have also been stably transformed by direct gene transfer to protoplasts. Lindsey and Jones (1987) transformed sugarbeet cells, but they experienced technical difficulties in regenerating plants from protoplasts. Hall et al. (1996) obtained transgenic plants by polyethylene glycol (PEG)-mediated transformation of protoplasts. To achieve high transformation frequencies, they enriched the protoplasts for a totipotent cell type from stomatal guard cells. This method was used to make transgenic sugarbeets with high levels of fructan (Sevenier et al. 1998) .
For transforming higher plants, Agrobacterium-mediated methods are preferred over direct gene transfer methods (e.g., PEG-mediated transformation or liposomemediated transformation, electroporation, or particle bombardment) because the former generally results in lower copy number, fewer rearrangements, and more stable expression of transgenes over generations (Dai et al. 2001; Gelvin 2003) . Therefore, we have developed an improved procedure for Agrobacterium-mediated transformation in the genus Beta. We first examined the regeneration ability of various lines of B. vulgaris and B. maritima to select materials suitable for genetic transformation. We then established a simple and efficient Agrobacterium-mediated transformation procedure involving the regeneration of plants from shoot bases. We also optimized the combinations of Agrobacterium strain and antibiotic to select transformed cells. The experiments involved the introduction of three genes of agronomical use into plants, thus demonstrating its reproducibility. Although Agrobacterium-mediated transformation of sugarbeet plants using shoot bases as explants has been reported (Lindsey and Gallois 1990; Konwar 1994) , analysis of transformants was limited to the T0 generation. Thus, we examined both the transmission of the transgenes to subsequent generations and the stability of transgene expression using a b-glucuronidase (GUS) reporter.
Materials and methods

Plant materials
Seven lines of sugarbeet (B. vulgaris) and two accessions of B. maritima, a close wild relative of sugarbeet, were used as plant materials for transformation (for the list of accessions, see Table 2 ). B. vulgaris and B. maritima seeds were sterilized first in 70% ethanol and then in 2% sodium hypochlorite with 0.1% Tween 20 and were then aseptically seeded onto an MS-based germination medium (Murashige and Skoog 1962) (Table 1) . The pH of all media used in this study was adjusted to 5.8 with KOH before autoclaving. Germination occurred after 2-7 weeks. After the cotyledons emerged, the hypocotyls were cut at the base and transferred onto shoot formation medium to induce leaf growth (Table 1) . Then, leaf blades were cut from young plants and placed on shoot formation medium. Shoots were regenerated from the veins of the leaf blades. The shoots were removed, and the remainder of the leaf blades, on which the shoot bases were exposed, was used as explants for transformation. Cultures were incubated at 22C in the light.
Bacterial strains and plasmid vectors
A. tumefaciens strains EHA101 and LBA4404 were used. Binary plasmid vectors were introduced into Agrobacterium strains by triparental mating (Bevan 1984) . To transform beet plants with the GUS reporter, Agrobacterium strain EHA101 and the binary plasmid pGM221 were used. The binary vector contains the hygromycin resistance gene (hygromycin phosphotransferase; HPH), under the control of the nopaline synthase (NOS) promoter and NOS terminator, and the GUS reporter gene, under the control of the cauliflower mosaic virus (CaMV) 35S promoter and NOS terminator. This vector was kindly provided by M. Murase (Plantech Research Institute, Japan). To transform beet plants with the insecticidal crystal protein genes from Bacillus thuringiensis, namely, cryIA(b) (Kondo et al. 1987 ) and cryIC (Sanchis et al. 1989) , and the pumpkin chitinase gene (database accession number AB015655), we used Agrobacterium strain LBA4404 and binary vectors that contain these genes in place of GUS on the pBI121 vector (Clontech, Palo Alto, Calif.). CryIA(b) was inserted into the vector as follows. The GUS sequence was removed from pBI121 by SmaI-SacI digestion. After end-repair and ligation, a BamHIfragment containing the cryIA(b) sequence was cloned into the BamHI site located downstream of the CaMV 35S promoter. This BamHI fragment was obtained by PCR amplification of the coding sequence of cryIA(b) (Kondo et al. 1987 ) from B. thuringiensis kurstaki HD1 using primers that add a BamHI site to each end of the cryIA(b) sequence, and subsequent cloning of the amplified product into pGEM-T vector (Promega, Madison, Wis.). Cloning of cryIC into the vector was achieved by replacing the BamHIfragment that contains the cryIA(b) sequence with a BamHI-fragment that contains the cryIC sequence (Sanchis et al. 1989) , which was prepared from B. thuringiensis aizawai as described for cryIA(b). The pBIC vector, which contains the pumpkin chitinase sequence in place of GUS between the XbaI-SacI sites of pBI121, was kindly provided by R. Akashi (Miyazaki University, Japan).
Inoculation of sugarbeet tissues with Agrobacterium and plant regeneration
Agrobacterium containing the binary vector was cultured for 2 days at 28C on a rotary shaker at 180 rpm in liquid medium containing 50 mg/l kanamycin and 25 mg/l spectinomycin. The explants, on which shoot bases were exposed, were immersed in the Agrobacterium culture for 1 min, and excess liquid was removed by placing the explants on sterilized filter paper. Samples were transferred to a co-cultivation medium supplemented with 4 mg/l acetosyringone and cultured for 3 days. Media used for transformation are listed in Table 1 . The explants were rinsed with washing medium to remove Agrobacterium from the surface and then transferred to selection medium. After 2 weeks, explants from which shoots were regenerated were transferred to growth medium. When shoots had grown 2-3 cm, they were cut and transferred to root-formation medium. After roots were generated, the plants were transferred to soil.
GUS assay
GUS assays were performed according to Jefferson et al. (1987) .
DNA isolation and PCR analysis
Total DNA was isolated from leaves as described in Doyle and Doyle (1987) . The presence of the transgene was determined by PCR amplification, agarose gel electrophoresis, and gel blot analyses of the PCR products using transgene-specific probes. The PCR primers were chosen to amplify the coding sequence of the transgenes: 5 0 -GTTACGTCCTGTAGAAACCC-3 0 and 5 0 -TCGTC-CTCCGTTTGTTACT-3 0 for a 1.9-kb portion of the GUS sequence; 5 0 -CCCGGTGCTGGATTTGTGTTAGG-3 0 and 5 0 -CACGCCCT-GACCTAGTTGAGCA-3 0 for a 0.9-kb portion of cryIA(b); 5 0 -CTCAAGCGGCCAATCTG-3 0 and 5 0 -CTACTCCTTCAACACC-ACG-3 0 for a 0.7-kb portion of cryIC; and 5 0 -GCTTAGCCTTTGC-CTTCGT-3 0 and 5 0 -ATATCCCCACGCATAATGGGC-3 0 for a 0.4-kb portion of the chitinase gene. Each PCR cycle consisted of denaturation for 30 s at 94C, annealing for 30 s at 56C, and extension for 30 s at 72C. This cycle was repeated 30 times. The PCR products were separated by electrophoresis in 1.5% agarose in TBE buffer followed by ethidium bromide staining and gel blot analysis.
DNA gel blot analysis
Plant genomic DNA (20 mg) was digested with restriction enzymes and separated by gel electrophoresis in 1% agarose in TBE buffer. The DNA was transferred to nylon membranes (Hybond N+; Amersham, Piscataway, N.J.) and hybridized with probes labeled by AlkPhos Direct nucleic acid labeling and detection system (Amersham). Hybridization, membrane wash, and signal detection were carried out according to the manufacturer's instructions. Gel blot analysis of PCR-amplified DNA fragments was performed similarly. Hybridization probes were prepared by PCR amplification of portions of the coding sequences (for primers, see above) using the cloned DNA plasmids as templates.
RT-PCR
Total RNA was isolated from leaf tissues of sugarbeet plants using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). cDNA was synthesized from 1 mg total RNA using M-MLV reverse transcriptase (Gibco BRL, Rockville, Md.) with poly(dT) and adaptor primers (Frohman et al. 1988 ) at 42C for 1 h. One-tenth volume of the cDNA solution was used for PCR. Primers used to amplify GUS transcripts were 5 0 -GGAATTTCGCCGATTTTGCG-3 0 and the adaptor primer used for cDNA synthesis. For an RT-PCR positive control, a 0.3-kb portion of the cysteinyl tRNA synthase transcript was amplified using the primers 5 0 -TGACAAGATAATTGCCA-GAG-3 0 and 5
Results
Differences in the regeneration frequency from shoot bases among B. maritima and B. vulgaris accessions Based on the report that shoot bases are amenable to both Agrobacterium-mediated transformation and regeneration (Lindsey and Gallois 1990) , we attempted to optimize a sugarbeet transformation system using these tissues. We prepared shoot-base tissue using a simple method suitable for the production of a large number of transformed plants (for protocol details, see Materials and methods; Fig. 1 ).
We first examined the frequency of regeneration from our shoot-base preparations in seven accessions of sugarbeet and two accessions of B. maritima to choose the most suitable materials for genetic transformation. Six explants of leaf blades, on which shoot-base tissues were exposed, from each individual plant, were used. The number of individual plants in which shoot formation was observed in at least one explant was counted to determine regeneration frequency (data not shown). Regeneration frequency was very high in B. maritima "acc. France" (80%) and was higher in the "NK150" (48%) and "TK-80" (48%) lines than in the other B. vulgaris accessions. The frequency distribution of the number of explants that generated shoots among six explants was shown in Table 2 , which shows that two accessions of B. maritima (3.7 and 4.1) and B. vulgaris line "T2n-24-115-24" (4.5) showed the highest average regeneration frequencies. Based on these results we used B. maritima "acc. France", and B. vulgaris "NK150," "TK80," and "T2n-24-115-24" for subsequent transformation procedures.
Transformation using Agrobacterium strain EHA101 and hygromycin selection Transformation was first carried out using Agrobacterium strain EHA101 harboring the plasmid pGM221, which contains a hygromycin resistance gene and a GUS reporter (for gene construct, see Fig. 2A ). To determine the amount of hygromycin suitable for selection of transformed cells, 10-15 mg/l hygromycin was added to the shoot formation medium, and regeneration from nontransformed explants was tested prior to the screening of transformed cells. Of a total of 16 B. maritima "acc. France" individuals, 2 generated emerging shoots on medium containing 10 mg/l hygromycin, whereas 0/9 individuals generated shoots on medium containing 12 mg/l hygromycin (Table 3) .
Using these selection conditions, we analyzed the formation of shoots after infection of shoot bases with Agrobacterium containing a vector with the hygromycin resistance gene in the T-DNA region. Shoots were obtained under both selection conditions (see Fig. 1E ). The presence of the transgenes was analyzed by PCR (for typical PCR results, see Fig. 3 ) of the GUS gene, which was linked to the hygromycin resistance gene (HPH) in the T-DNA region. The number of resistant B. maritima "acc. France" shoots that also contained the transgenes was six out of eight using 12 mg/l hygromycin and three out of eight using 10 mg/l hygromycin (Table 4) . This result is consistent with the observation that regeneration from non-transformed cells can occur in the presence of hygromycin (see Table 3 ). We subsequently obtained regenerated plants from the resistant shoots by transferring them to root formation medium (Fig. 1F-H) .
Similar experiments were performed using accessions "NK150," "TK80," and "T2n-24-115-24" of B. vulgaris. Shoots were also generated in B. vulgaris "NK150" on medium containing 10 mg/ml hygromycin (see Table 3 ), further suggesting that the concentration of hygromycin suitable for screening transformed cells should be higher than 10 mg/ml. However, no transformants were obtained under these conditions (Table 4 ). It is possible that either this level of hygromycin selection or the Agrobacterium strain EHA101 is not suitable for transformation in these accessions. Further examination is necessary to clarify these results and to determine the optimal conditions for hygromycin selection.
Transformation using Agrobacterium strain LBA4404 and kanamycin selection
We also transformed beet plants using kanamycin selection and different transgene constructs (see Figs. 2B-D) . We tested the resistance of explants of B. maritima "acc. France" and "NK150" of B. vulgaris to various concentrations (50-150 mg/l) of kanamycin as described above and found that regeneration from non-transformed cells could be efficiently suppressed on medium containing 150 mg/l kanamycin (data not shown). Transformation was carried out using Agrobacterium strain LBA4404 harboring plasmids with the neomycin phosphotransferase II gene (NPTII), which imparts kanamycin resistance. The plasmid also contained a gene [cryIA(b), cryIC, or Fig. 1A-H The process of transformation and regeneration of plants in the genus Beta. A Germination from seeds and formation of cotyledon by in vitro culture. B Young plants transplanted onto shoot formation medium by cutting in the bottom part of hypocotyls after cotyledons are generated. C Generation of leaves. D Leaf blades placed on the medium. Note that shoots are generated from the leaf blades. These shoots were removed by cutting at the base in order to expose shoot-base tissues on the leaf explants prior to infection with Agrobacterium. E Generation of shoots from shoot-base tissues on selection medium after inoculation of Agrobacterium to the leaf explants. F Regeneration and induction of roots after selection. G Plants transferred to soil and acclimated to nonaseptic environment. H Mature plant grown in a pot chitinase] that conveys an agronomically important trait. The effect of expression of these genes in sugarbeet will be described elsewhere. Successful transformation was confirmed by PCR amplification of the genes linked to NPTII in the T-DNA region (see Fig. 3 ).
Transformants were obtained for all plasmids and all materials tested. The rate of transformation is summarized in Table 5 . When we introduced cryIA(b) to B. maritima "acc. France," 142 explants were infected with Agrobacterium. As a result, 88 explants were selected on kanamycin-containing medium, and plants were regenerated. We isolated DNA from 21 plants, and the cryIA(b) sequence was PCR-amplified from 12 of these plants. In other experiments using different combinations of genes and accessions, the results were similar: about two-thirds of explants were resistant to drug selection, and about half of the regenerated plants that we examined contained the transgene. Exceptions were the cryIA(b) gene in "NK150," in which only 4/14 regenerated plants contained the transgene, and chitinase in "TK80," in which all 21 drug-resistant plants contained transgene (see Table 5 ).
Analysis of subsequent generations of primary transformants using the GUS reporter
To analyze the heritability of the transgene, progenies of three GUS-containing T0 plants of B. maritima "acc. France" (AC4-1, AC4-2, and AC5) were obtained as follows. Progeny of AC4-1 and AC4-2 were obtained by selfing, while that of AC5 was obtained by crossing AC5 with a cytoplasmic male sterile (CMS) line, "S22-CMS". The presence of the transgenes in the progeny was analyzed by PCR; 8/16, 9/16, and 5/16 of the progeny of AC4-1, AC4-2, and AC5, respectively, contained a transgene (data not shown). This suggests that the transgene was meiotically heritable. For unknown reasons, the frequency of transmission was slightly lower than expected for the transmission of a single copy gene (75% for selfing and 50% for crossing with CMS line), although the number of individuals examined was small. GUS activity in T1 plants was assayed (Fig. 4) . Leaf extracts from transformants showed between 3-and 231-fold higher GUS activity than did extracts from nontransgenic control plants, with the majority showing 10-to 20-fold higher activity. The presence of transgenes in subsequent generations (T2) was also confirmed by gel blot analysis of genomic DNA (Fig. 5) , which showed that the transgene was integrated into the genome and was transmitted through meiosis. In addition, RNA was isolated from transformant leaves, and GUS expression was analyzed by RT-PCR (Fig. 6) . The results indicate that the transgene is expressed in the T2 generation and that GUS mRNA levels vary among individual transformants. PCR products were separated by agarose gel electrophoresis, transferred to nylon membranes, and subsequently hybridized with a cryIC probe. DNA templates used for PCR are as follows. Lanes: 1, 3-5 transformants of "NK150"; 2, 6-10 transformants of "TK80"; 11 non-transformed plant of "NK150"; 12 non-transformed plant of "TK80"; 13 plasmid vector with cloned cryIC as positive control 
Discussion
We have established a genetic transformation system for plants in the genus Beta using shoot bases prepared by a procedure that is simpler than previously published procedures. One of the advantages of our method is the simplicity with which materials suitable for transformation are prepared. In our protocol, shoot bases, preinoculated with Agrobacterium, were prepared simply by cutting shoots that had formed on leaf blades. This procedure may save a considerable amount of time in material preparation compared to the method of Lindsey and Gallois (1990) , in which shoot-base slices (1 cm1 cm2 mm) are used, or the method requiring preparation of, and regeneration from, protoplasts (Hall et al. 1996) . Our method also differs from previously reported methods in its media supplements, including phytohormones for tissue culture and antibiotic concentrations for the selection of transformed cells. PCR analysis showed that, in three out of the five combinations of genes and accessions that we tried, more than 50% of plants that regenerated from drug-resistant explants contained transgenes ( Table 5 ). Plants that were found by PCR to contain transgenes also showed higher GUS activity levels than did non-transformed plants (see Fig. 5 ). Given these results, the transformation frequency achieved with our method is significantly higher than with that of Lindsey and Gallois (1990) , in which approximately 30% of kanamycin-resistant regenerated shoots showed reporter gene activity. The high transformation rate could be due in part to the concentration of kanamycin (150 mg/l) in the selection medium, which is higher than that used in Lindsey and Gallois (1990) (100 mg/l). In addition, our media were supplemented with phytohormones, 0.25 mg/l benzyladenine (BA) and 1.0 mg/l indolebutyric acid (IBA), to induce shoot and root formation, respectively, as BA and IBA were found to be suitable for sugarbeet morphogenesis from leaf explants (Mikami et al. 1989) . IBA was also added at a lower concentration (0.1 mg/l) to other media besides the rooting medium. We used 0.5 MS rather than 1 for all culturing steps. Our results show that these modifications improve the selection efficiency of transformed cells without disturbing the morphogenic ability of the beet cells. Our results also show that the lack of drug selection in the rooting medium does not significantly increase the rate of escapes from drug selection, although the possibility of chimeric tissues in terms of the presence or absence of transgenes cannot be excluded.
In this study, we examined the selection of transformed cells using hygromycin and kanamycin. For B. maritima accessions, we obtained transformants using both hygromycin (in combination with infection by Agrobacterium strain EHA101) and kanamycin (with Agrobacterium strain LBA4404). For B. vulgaris, we obtained transformants only with the latter combination. This probably indicates that transformation of plants in the genus Beta is controlled more easily by the latter combination. In any case, this is, to our knowledge, the first report of transformation of B. maritima. Transformation of B. maritima may contribute to expanding its genetic diversity for improving B. vulgaris. In addition, this is also the first report of transformation of plants in the genus Beta using hygromycin selection.
Multiple shoots were generated from shoot-base tissue in this study, allowing regeneration of multiple transformed plants from a single leaf blade segment. A high Fig. 4 Analysis of GUS activity in the T1 generation. The GUS activities of individual plants in the T1 generation relative to those of non-transformed control plants are shown. Lanes: 1 nontransformed plants, 2-9 T1 individuals of AC4-1, 10-18 T1 individuals of AC4-2,19-23 T1 individuals of AC5. The data of non-transformed plants is given a value of 1. All the transformed plants used in this analysis were found to contain transgene(s) by PCR analysis Fig. 5 Gel-blot analysis of genomic DNA of transformed plants using a GUS gene probe. Total DNA from six individuals of the T2 generation (lanes 1-6) was digested with HindIII, and hybridized with the GUS gene probe. In this example, the hybridization profile indicates that multiple copies of transgene are integrated in the genome because there is only one HindIII site within the T-DNA region proportion of multiple shoots generated from a single explant selected for drug resistance were found to have a transgene, suggesting that selection occurred equally from cell to cell. In one outstanding case in our study, 21 plants (derived from 7 explants of "TK80") all contained the chitinase gene (see Table 5 ). Thus, this method provides a suitable system for practical transformation purposes, as it allows for the production of sugarbeet transformants on a large scale. This allows subsequent screening for lines that express the transgenes at a high level. We found that the tissues used in this method are also useful for bombardment-mediated gene transfer; we routinely bombarded plasmid DNA on shoot bases prepared by this method and obtained transgenic plants in sugarbeet lines "NK150" and "TK80" (unpublished results).
In this study, we analyzed the transmission and expression of transgenes using GUS as a reporter in B. maritima. In our transformants containing the GUS gene, variation in expression level among transgenic lines was observed by both RT-PCR and GUS activity assays. The observed variations could be due to variation in transgene expression caused by epigenetic effects involving copy number, the insertion position in the genome, or methylation of the transgenes (for reviews, see Matzke and Matzke 1995; Kooter et al. 1999) .
The transformation method using shoot bases does not involve a detectable callus phase prior to regeneration, suggesting that the possibility of somaclonal variation is minimized (Lindsey and Gallois 1990) . In fact, no morphological abnormality was observed in any of the transformed plants in this study. In addition, the preparation of materials for Agrobacterium inoculation in our method requires simply cutting shoots and exposing the shoot bases on leaf blades; it does not require any special cutting skills, and thus does not produce differences in transformation efficiency among individuals. This simplicity may contribute to the reduced variation in transformation and to maintaining the regeneration ability of Fig. 6A , B Analysis of transgene expression by RT-PCR. A Gelblot analysis of RT-PCR products using GUS gene-specific primers. cDNA prepared from leaves of individual transformants (numbered 1-6) were used as templates for PCR using a combination of the GUS primer and the adaptor sequence primer used for cDNA synthesis. To confirm the specificity of amplification, the PCR products were hybridized with a GUS gene probe. B Positive control of RT-PCR. Ethidium bromide-staining of RT-PCR products of the cysteinyl tRNA synthase gene after separation by agarose gel electrophoresis. In this case, a combination of genespecific primers resulted in amplification of transcripts (0.3 kb) from the cDNA template as well as amplification of an introncontaining fragment (0.5 kb) from DNA template that co-existed in the cDNA sample. Specific amplification of fragments from cDNA (see lanes RT+) rather than from DNA was confirmed as these fragments were not amplified when reverse transcriptase was not included in the reaction mixture for cDNA synthesis (cf. lanes RT). Note that there were differences in the level of the GUS transcript between individual transformants the cells. These features presumably contribute to the production of uniform transgenic plants at a high frequency.
